In vivo and in vitro recombination methods were used to construct the recombinant plasmid pTG801, in which the F-plasmid DNA transfer (tra) genes required for the formation of functional F pili were placed under the lac transcriptional control sequences of pUCl9. The 20 kilobases of cloned F DNA includes genes traA through the 5'-terminal part of traG; the plasmid lacks the positive regulatory gene traj and all of the known tra genes required for the DNA transfer stage of conjugation. pTG801 transformants were sensitive to the donor-specific bacteriophages Q0 and fl, as measured by the formation of infectious centers. They were relatively insensitive to bacteriophage R17, as expected from the absence of traD. In the presence of a lacpl allele, sensitivity of pTG801 transformants to n and QP depended on the concentration of inducer
In vivo and in vitro recombination methods were used to construct the recombinant plasmid pTG801, in which the F-plasmid DNA transfer (tra) genes required for the formation of functional F pili were placed under the lac transcriptional control sequences of pUCl9. The 20 kilobases of cloned F DNA includes genes traA through the 5'-terminal part of traG; the plasmid lacks the positive regulatory gene traj and all of the known tra genes required for the DNA transfer stage of conjugation. pTG801 transformants were sensitive to the donor-specific bacteriophages Q0 and fl, as measured by the formation of infectious centers. They were relatively insensitive to bacteriophage R17, as expected from the absence of traD. In the presence of a lacpl allele, sensitivity of pTG801 transformants to n and QP depended on the concentration of inducer (isopropyl-j3-D-thiogalactopyranoside [IPTG] ). Viewed by electron microscopy, pTG801 transformants elaborated 7-to 10-nm-diameter filaments that could be laterally decorated with RNA bacteriophage particles, consistent with the formation of F pili. In stationary-phase cultures, these filaments formed massive aggregates and could be seen to adhere lengthwise to the cell surface; few pili accumulated in the medium as single filaments.
Conjugal DNA transfer enables specialized bacterial cells to donate DNA directly to other cells (12, 22, 26) . Conjugal DNA donors commonly contain a set of plasmid DNA transfer (tra) genes. A general model is that the tra gene products assemble into a trans-envelope organelle that mediates DNA transfer. However, whereas the genetic consequences of conjugation are well established, the morphogenetic, structural, and mechanistic aspects of the phenomenon are poorly understood.
Conjugal DNA transfer from F+ strains of Escherichia coli proceeds in two stages. During the first, donor and recipient cells are coupled through the formation of specific and secure cell-cell contacts (14) ; during the second, DNA transfer between the juxtaposed cells occurs (27) . Presumably, these two stages are carried out coordinately by the same organelle such that DNA transfer inside the donor cell initiates only in response to a suitably positioned recipient outside.
The only structures unequivocally associated with conjugal DNA transfer are conjugative pili. These extracellular filaments initially contact suitable recipient cells, thereby entraining all subsequent events of DNA transfer (1, 11, 20) . Conjugative pili are thought to retract, thereby generating a force that juxtaposes donor and recipient cells for actual DNA transfer (1, 20) . Thus, F pili (conjugative pili elaborated by cells carrying the F plasmid) are clearly required for, but not during, DNA transfer between the juxtaposed cells (1, 20) . The mechanism of retraction is unknown, as is the relationship between retraction and generation of the trans-membrane signal that initiates the second stage of DNA transfer inside the donor cell.
To clarify the role of conjugative pili as procaryotic force-generating and sensory organelles, we constructed a lac-tra operon fusion plasmid containing only the F-plasmid tra genes suggested by genetic studies to be required for F-pilus synthesis and function (10, 12, 26) . We show here that cells containing that plasmid express these tra genes under lac control and assemble functional F pili in the absence of any of the F-encoded proteins required for the second stage of DNA transfer or for genetic control. This plasmid, pTG801, will permit a more complete analysis of F-pilus assembly, structure, and function than has been heretofore feasible.
MATERIALS AND METHODS
Bacterial strains, plasmids, bacteriophages, and antisera. E. coli strains DH1 (F-gyrA96 recAl relAl endAl thi-J hsdRJ7 supE44), JC3272/JCFLO (F' tra' lac'; [3] ), and S591 (relevant genotype, F-polA591) were from our laboratory stocks or from the E. coli Genetic Stock Center, Yale University, New Haven, Conn. Plasmid pTG801 was constructed as described in Results. Plasmids pRS27 and pRS29 (23) preimmune control sera were stored in small portions at -800C.
Biological methods. Cells were grown with aeration in LB medium at 37°C. The medium was supplemented with antibiotics as appropriate. Growth was estimated by culture optical density at 660 nm or by viable count. Molecular biological methods were generally carried out as described by Maniatis et al. (13) .
Electron microscopy. Cells mixed with R17 bacteriophage were applied to Formvar-coated, carbon-shadowed grids and stained with phosphotungstic acid essentially as described by McEwen and Silverman (17) .
Materials. Unless otherwise noted, materials were obtained from standard commercial sources.
RESULTS
Construction of the lac-tra operon fusion plasmid pTG801. All of the F-plasmid genes required for conjugal DNA transfer occur in a single block of DNA designated in the tra region. Within this region, the genes assigned to F-pilus formation are themselves clustered within a 20-kilobase (kb) segment (12, 26) . Plasmid pTG801 was constructed to contain just this segment, bounded at one end by the PstI site in tra Y and at the other by the EcoRI site in traG (Fig. 1) . The first intact tra gene in pTG801 is traA, which encodes the F-pilin monomer (19) . The last functional, albeit truncated, gene is traG. Whereas traG mutations 5' to the EcoRI site abolish F-pilus formation, the traG segment 3' to that site, while essential for completion of the extracellular stage of conjugal DNA transfer, is not required for the formation of functional F pili (2, 15). pTG801 was constructed as shown in Fig. 2 . Because of the length of DNA involved and the absence of suitable restriction sites precisely at the ends of the desired segment ( Fig. 2A) , we used plasmids containing overlapping EcoRI fragments from the F tra region (23; Fig. 2A ) and relied on in vivo recombination between the common tra sequences to reconstruct the segment (Fig. 2B) . The 1.4-kb PstI fragment that contains the 3' end of tra Y was purified from pRS27 and cloned into the PstI site of pUC19 such that the lac expression sequences of pUC19 and the tra genes were in the same orientation as determined by restriction analysis (plasmid pTG101). It was necessary to carry out this construction by transforming a laCjq strain; otherwise, transformants contained the PstI fragment in the wrong orientation for expression from the lac promoter. The polA mutant S591 was next cotransformed with pTG101 and pRS27. Since pTG101 cannot replicate in the polA mutant background, ampicillin-and tetracycline-resistant transformants reflect the presence of cointegrate plasmids formed by homologous recombination across common tra sequences (pTG102; for orientation, the 1.4-kb PstI fragment is marked in each intermediate of Fig.  2B by a heavy black segment and, where appropriate, the f15 fragment is marked by a hatched segment). Plasmid pTG102 was isolated, digested with BamHI to remove extraneous pRS27 DNA, including the tet gene and the pSC101 replicon, and religated (Fig. 2B) . Ampicillin-resistant, tetracyclinesensitive transformants were isolated. The plasmids were checked by restriction analysis (pTG103; Fig. 2B ). Strain S591 was next cotransformed with pTG103 and pRS29. As noted above, ampicillin-and tetracycline-resistant transformants reflect the formation of plasmid tra recombinants, in this case extending the tra DNA to the EcoRI site in traG (pTG200; Fig. 2B ). Plasmid DNA was isolated and digested with BamHI and XhoI, again to remove extraneous pRS29 DNA. The ends were filled with the Klenow fragment of Poll, the blunt ends were ligated, and pTG801 was isolated by transformation.
Assay of functional F-pilus synthesized by a pTG801 transformant. F-pilus function was evaluated in the absence of conjugal DNA transfer with bacteriophages that require the filament for the initial stages of infection. Spherical RNA phages adsorb to the sides of F pili, and the filamentous, single-stranded DNA phages adsorb to the tip (6, 7). Therefore sensitivity to these donor-specific bacteriophages implies that all of the genetic and structural requirements for F-pilus formation have been met. Since donor-specific bacteriophage did not plaque well on pTG801 transformants in the conventional agar overlay assay, we used the more sensitive infectious center assay, in which cells and bacteriophages are mixed in liquid for a brief interval, remaining bacteriophages are inactivated by addition of an antiserum, and the infected cells are diluted and plated on a normal donor strain (21) . This assay can detect a small population of infected cells provided each produces a few progeny bacteriophage. Strain DH1 transformed with pTG801 could be infected by the RNA bacteriophage QP and must therefore elaborate functional F pili (Table 1) . Although only a small fraction of the viable cells could be infected by Qu (Table 1) , that fraction apparently underestimates the fraction of cells with functional F pili (see below).
The level of infectious center formation was unaffected by the multiplicity of QP infection over the range of 1 to 30 PFU per viable cell or by the growth phase of the culture over the range of 0.5 to 3.5 optical density units (in these experiments, the culture was diluted to 0.5 optical density unit for assay; data not shown). However, aerated overnight cultures formed infectious centers only 1% as well as did growing cultures.
Among the tra genes missing from pTG801 is traD, which is required for efficient infection by R17 and related RNA bacteriophages but not by QP or the filamentous, singlestranded DNA phages such as fl (3, 4) . As expected, DH1(pTG801) was less sensitive to R17 than it was to QP or to fl ( Table 2) .
Inducibility of tra gene expression from pTG801. Though nominally under lac control, F-pilus formation in DH1(pTG801) was constitutive (data not shown), presumably because pTG801 is a multicopy plasmid, whereas DH1 contains a normally low level of lac repressor. We therefore constructed the lacIq plasmid pIQ2 (see Materials and Methods). Infection of DH1 containing both plasmids by donorspecific bacteriophages fl and Q13 increased by 2 to 3 orders of magnitude over the IPTG (isopropyl-p-D-thiogalactopyranoside) concentration range of 0 to 2 mM (data not shown), indicating that expression of the pTG801 tra genes is under lac control. However, the number of fl infectious centers exceeded the number of Q1a infectious centers by about 1 order of magnitude over the entire range of inducer concentrations tested. Comparable selectivity was not manifested by the F' lac control strain JC3272/JCFLO (Table 2 ). The lower infectivity with Q1, as with R17 (Table 2) , could have resulted from the absence of the TraD protein in pTG801 transformants. Although F-plasmid traD mutations do not affect Q1a infection to the same degree as they affect R17 infection (3, 4) , a less severe effect on Qu infection cannot be ruled out. As noted below, other explanations are also possible.
We consistently observed that infectivity of the fully induced DH1(pTG801, pIQ2) strain by QP or by fi at 2 mM IPTG was not as high as that of DH1(pTG801) itself ( Table  2 ). The reason for this difference between DH1(pTG801) and the same strain with pIQ2 remains unclear. Electron microscopy of DH1(pTG801) cells. DH1(pTG801) cells elaborated 7-to 10-nm (diameter by negative staining) filaments that could be laterally decorated with RNA bacteriophages (Fig. 3) . Filaments were not observed on DH1 itself, nor were they observed on DH1(pTG801, pIQ2) in the absence of IPTG (not shown). These features confirm the presence of extended F pili on cells carrying pTG801. However, these F pili appeared unusual in two respects. First, the F pili elaborated by DH1(pTG801) bound RNA bacteriophage poorly in comparison with the uniform decoration usually seen with normal F' or Hfr strains; in fact, some bacteriophage particles seen in Fig. 3B could be trapped by the network of filaments rather than specifically adsorbed. This feature could contribute to the low ratio of Qp/fl infectivity of DH1(pTG801) cells ( Table 2 ).
The F pili elaborated by DH1(pTG801) also exhibited a pronounced tendency to form side-by-side aggregates (Fig.  3B) ; normally, F pili in donor cell cultures are well separated from each other. The size of F-pilus aggregates was especially impressive in stationary-phase cultures, in which free F pili were rarely observed as individual filaments (Fig. 4A  and B ). The cells, however, were commonly found to have individual F-pilus filaments running over their surfaces (Fig.  4C) .
The reason F pili form aggregates in DH1(pTG801) cultures is not obvious. Purified F pili form side-by-side aggregates, which may be composed of damaged or otherwise abnormal filaments (5, 18) . Whether our observations reflect the production of abnormal, albeit still partly functional, F pili remains to be determined. An alternative is that the pili aggregate because so many are produced. We have not been able to determine the number of F pili per cell because of the difficulty in tracing individual filaments (Fig. 3B ), but our impression from electron micrographs like that shown in Fig.  3 is that DH1(pTG801) cells produce F pili in significant excess of the normal number of ==1 F pilus per cell.
Aggregate formation could mask or otherwise alter the sides of the F-pilus filaments, thereby reducing RNA bacteriophage binding. This possibility is supported by the observation that F pili in stationary-phase cultures, in which single filaments are rare (Fig. 4) (12), it has not heretofore been possible experimentally to control and manipulate the entire morphogenetic process, from expression of the necessary genes to elaboration of a functional organelle. Moreover, the possible overproduction of F pili by pTG801 transformants enhances the feasibility of structural and biochemical analyses.
An immediate conclusion from the data at hand is that the TraJ protein, which DH1(pTG801) lacks, has no necessary structural role in the elaboration of functional F pili. The high level of TraJ protein in normal Hfr and F' strains had suggested such a role (8) . Although it remains formally possible that TraJ participates directly in DNA transfer, the data reported here and elsewhere (8, 25) indicate that TraJ functions uniquely to control tra gene expression as one component of a host-plasmid regulatory network. In addition, our studies establish that any pTG801 transcription required for the formation of F pili and originating from promoters between traA and traG (12, 27) is TraJ independent. However, our data do not imply that the level of such transcription is normally adequate. The high copy number of pTG801 could compensate for a low level of TraJ-independent transcription that, with a lower-copy-number template like F itself, would be insufficient.
Reconstruction of a functional F-pilus gene block in pTG801 is consistent with the bipartite nature of conjugal DNA transfer implied in the Introduction. The distribution of F tra genes assigned to different stages of DNA transfei first suggested to us that the tra region as a whole has not evolved as a unit but rather originated from an event that brought into conjunction an ancestral gene module capable of mobilizing DNA for transfer and a second module required to establish productive cell-cell contacts (21 
